The exploitation of casing steel pipes used in oil and gas drilling rigs typically involves a corrosive atmosphere, high pressures and elevated temperatures. These conditions can affect the initiation and development of defects in the material, which can jeopardize the safe service of the system. In this work, an assessment of the integrity of a damaged pipe, manufactured by high frequency contact welding (HF) of API J55 steel, is presented. The influence of an initial defect (machined surface crack) on the pipe structural integrity is analysed. Besides the defects at the internal surface, which is in contact with the transported fluid, casing pipes are also exposed to damage at the external surface, which is why such configuration is examined here. The analysed surface crack is in an axial direction, bearing in mind that this type of defect is the most severe for the cylindrical pressurised components.
determining the applicability of such approach. Based on the obtained results, criteria for the integrity assessment of the pipe are discussed. Keywords: casing pipe safe service, fracture resistance, direct J integral measurement, finite element method.
Introduction
The reliability of the oil and gas drilling rig systems is very important for continuous exploitation, but also for the environment protection. Pipeline specifications defined by the standard API 5CT mainly include the dimensions of the pipes and their joints, resistance of a pipe to the pressure at the inner or outer surface, mechanical properties and chemical composition. However, reasons that very often lead to the failures of the pipelines are insufficient crack initiation and propagation resistance.
Detected imperfections and defects, even if they have been classified as 'acceptable' during the control procedures, can sometimes develop to macroscopic cracks, which endanger the safe service of the structure. The influence of the cracks on the load carrying capacity is often estimated by fracture mechanics procedures, by taking the loading conditions, geometric factors (e.g. the size and position of a crack) and material properties into account. Many recent investigations (e.g. [1] [2] [3] [4] [5] [6] [7] [8] ) have dealt with the analysis of the pipes behaviour and failure, integrity assessment and remaining service life estimate. A significant amount of work has previously been done by the authors on examination of welded joints [9] [10] [11] , which are often locations of initial defects on pipes and other structures, as well as on specimens cut from the pipeline base metal [12] .
Determining the acceptable crack sizes and safety conditions is very important in structural integrity assessment of pipes, having in mind the requirements of structural safety and economical demands. In order to achieve a good assessment, an accurate estimate of the crack parameters is crucial; for elastic-plastic material behaviour it is the J integral or crack tip opening displacement CTOD. These parameters enable a correlation between the level of damage (expressed through the crack size) and operating conditions, i.e. an application of the rule that fracture initiates when the applied crack driving force reaches a critical value.
In this paper, the aim is to estimate the influence of an axial surface crack on integrity of seam casing pipe made of API J55 steel. The load carrying capacity of the pipe is assessed by two different methods. The fracture resistance is determined by transferring the critical value of the J integral from the compact tension (CT) specimens. Additionally, the plastic limit load (i.e. loading corresponding to the plastic collapse of the ligament) is assessed by elasticperfectly plastic numerical analysis.
Material properties and experimental testing of the pipe with a pre-crack
Material properties are determined on specimens taken from the casing pipe manufactured by HF welding (producer US Steel, Serbia). The pipe was in exploitation in an oil drilling rig, and is withdrawn during a reparation procedure after about 70000 hours (8 years). This period is much shorter in comparison with the designed service life, which can be up to 30 years. Pressure test is conducted on axially pre-cracked pressure vessel made of a pipe segment, capped at both ends. Nominal dimensions of the pipe are: diameter ϕ139.7 mm, wall thickness 6.98 mm. Chemical composition of API J55 steel is given in Table 1 . Yield strength and ultimate tensile strength are 380 MPa and 562 MPa, respectively. More details on the specimens testing can be found in [13] . Table 1 :
Chemical composition of API J55 steel. In order to ensure a safe exploitation of the pipelines (which often contain some initial defects), a proper assessment of the crack initiation and growth in the casing pipes, used for the drilling rigs and subjected to high pressure, elevated temperature and chemically aggressive working environment, is essential. This can be achieved by proper quantification of the fracture mechanics parameters and other factors, which could lead to structure failure.
Experimental testing is conducted on a pressurized pipe with a machined axial external surface crack in the base material, figure 1. The dimensions of the crack were: length L = 200 mm, depth a = 3.5 mm. The loading (internal pressure) was increased to the maximum value of 220 bar. The strains in the vicinity of the pre-crack were determined by series of the strain gauges. The crack mouth opening displacement (CMOD) was measured using a COD gauge.
Direct J integral measurement [14] , as a method for experimental determination of the J integral value, is applied in this work. Unlike the standard evaluation procedure, direct measurement is based on the path independence of this fracture mechanics parameter. The results do not depend on the crack length; hence this method is more universal in comparison with the standard ones. However, it is more complicated and expensive, since it requires the use of the strain gauges and their chains for measuring strains at many locations, with short distances among them. The series of strain gauges in the vicinity of the crack tip and middle of the crack on the experimentally examined pipe are shown in figure 2.
Figure 2:
Photo of the pipe with a pre-crack, with strain gauges attached.
Numerical analysis
Numerical analysis of the stress and strain state of the examined pipe exposed to the internal pressure is performed by the finite element method (FEM), using the software package Abaqus (www.simulia.com). Three-dimensional model, consisting of 20-node elements, is shown in figure 3 . Due to the symmetry of the geometry and loading, one quarter of the pipe is considered, with the geometry of the crack approximated by rectangular shape. Bearing in mind that the pipe was capped at both ends for experimental testing, appropriate axial loading is introduced at one end of the FE model in addition to the pressure loading on the internal surface. The value of J integral during the increase of pressure is calculated using the domain integral (virtual crack extension) method [15] . The crack length in numerical analysis is varied, in order to determine the influence of this dimension on the load carrying capacity of the pipe exposed to internal pressure. In addition to the model shown in figure 3 , analysis is also conducted on a two-dimensional model, in order to assess the possibilities for this simplification. The finite element mesh is shown in figure 4 ; plane strain conditions are applied. Therefore, it can be said that this 2D model represents a pipe with infinitely long axial crack. The aim is to determine the crack length, which can be correctly represented by this simplified model. 
Results and discussion
The CMOD values during the increase of loading obtained by FEM and experimentally are very similar, as shown in [6] . The results for J integral are shown in figure 5, where certain difference can be seen. However, these differences become lower for higher pressure values, as the J integral reaches its critical value J Ic . Such trend can be seen from the numerical, as well as extrapolated experimental results ( figure 5) . Figure 6 :
Comparison of the results for J integral -2D model and 3D models with different crack lengths.
The influence of the crack length on the J integral values during the increase of loading is shown in figure 6 . In addition to the model with crack length 200 mm (corresponding to the pre-crack on the experimentally examined pipe), a model with 50 mm long crack and 2D model are analysed. It can be seen that the J integral increases much more slowly in the geometry with the shorter crack. On the other hand, the 3D model with 200 mm long crack exhibits similar results as the 2D model (having in mind the plane strain conditions, 2D model is equivalent to the model with infinitely long crack). This leads to the conclusion that two-dimensional simplification is justified for longer cracks, which will be further examined by comparing the failure conditions in the remainder of this section.
Based on the critical value of the J integral, determined on CT specimens in [13] , the pressure corresponding to crack initiation in the experimentally examined configuration is about 250 bar ( figure 5 ). This loading value corresponds to one of the two applied failure criteria -reaching the critical value of fracture mechanics parameter.
However, it is well known that structures with initial defects can fail by either fracture or plastic collapse (development of the plasticity through the ligament), [16] . This failure mode is assessed by utilising the elastic -perfectly plastic material behaviour in the FE model [7, [17] [18] [19] . The problems related to convergence in such calculations are treated by application of the modified RIKS option in Abaqus. The plastic limit pressures are obtained from the RIKS factor (LPF -Load Proportionality Factor), which is the result of this FE analysis. When LPF value is known, the limit load (pressure) is determined by multiplying it with the pressure, which is defined as loading in the model.
The decrease of the load carrying capacity with the increase of the crack length is shown in Fig. 5 . Maximum pressure values imply that the plastic limit load is attained after the fracture mechanics parameter has reached its critical value for all the crack lengths.
Figure 7:
Dependence of maximum pressure on the crack length.
It can be seen that it is fully justified to use a simplified 2D model for longer axial cracks, because all maximum pressure values are approaching to the results of the plane strain model as the crack length increases. The advantage of the simplified model can be seen through computation time, which can be up to 100 times shorter in comparison with the full 3D models analysed in this work. Another important notice is that the conservatism of the results is not endangered by the use of the 2D model, having in mind that the 2D results represent the minimum values.
It should also be noted that, besides the crack-like defects, corrosion damages occur very often on casing pipes in oil and gas drilling rigs and can cause pipe failure, which was considered in [8] .
Conclusions
Failure of axially cracked pipes is analysed using fracture initiation and plastic collapse as failure criteria. The following can be concluded: −
The values of the J integral are experimentally determined by direct measurement of the J integral. Numerically determined values do not deviate significantly from the experimental ones, although certain differences exist. Extrapolation of experimental results is applied, due to the fact that the experimental test did not result in the pipe final failure. −
Dependence of the maximum pressure on the defect size (in this case: crack length) is established. In the finite element analysis, both crack initiation and plastic collapse are applied as failure criteria. − For shorter cracks, crack initiation is predicted at lower loading level in comparison with the plastic collapse. For longer cracks, this difference is very small, i.e. both critical loads are similar. −
The possibility of application of simplified 2D models is examined, and the limits for the crack length in this case are determined. However, 2D results are always conservative and do not lead to prediction of higher load carrying capacity regardless of the crack length.
